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Abstract 

Debris flows generate seismic signals that contain valuable information about events as they unfold. Though seismic waves have 
been used for along-channel debris-flow and lahar monitoring systems for decades, it has proven difficult to move beyond detection 
to more quantitative characterizations of flow parameters and event size. This is for two primary reasons: (1) our limited 
understanding of how the radiated wavefield relates to debris flow characteristics and dynamics, and (2) difficulties quantifying 
the effects of heterogeneous shallow earth structure on the observed wavefield. The latter issue, essentially our inability to 
sufficiently separate seismic path effects from source information, is a barrier to improving our understanding of the first issue. We 
review the progress that has been made toward establishing the theory, models and methods required to use seismic observations 
to make quantitative measurements of flows and summarize the practical, social, and scientific barriers to progress. We discuss 
some specific ongoing efforts to overcome some of these barriers, with a focus on how we are using large-scale seismic experiments 
at the U.S. Geological Survey debris-flow flume to develop methods for directly measuring path effects and to develop and validate 
theoretical debris flow seismicity models. 
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1. Introduction

A debris-flow warning system must provide four pieces of information: (1) if an event is coming, (2) what areas
might be inundated, (3) when will it arrive, and (4) what to do.  The latter three require flow modeling and close 
collaboration between scientists and public officials, but the first of these is currently possible using just seismic 
methods. Seismic methods bring advantages to debris-flow monitoring and research. Seismic waves are generated by 
interactions between the flow and the substrate and contain information about flow dynamics. Unlike most non-
seismic instruments that provide point measurements (flow depth sensors, force plates) (e.g., Arattano et al., 2008), 
seismic signals are generated by the entire proximal flow. One of the biggest advantages is that seismic methods allow 
one to make precisely timed remote observations of debris-flow processes while they are occurring, day or night. 
Seeking to take advantage of these benefits, many debris-flow monitoring sites have incorporated seismic methods 
for research and monitoring (e.g., Galgaro et al., 2005; Suwa et al., 2011; Kean et al., 2015), and seismically based 
lahar (volcanic debris flow) detection systems have been used to protect lives at volcanoes worldwide for decades 
(e.g., Hadley and LaHusen, 1995; Marcial et al., 1996; Lavigne et al., 2000; Andrade et al., 2006; Leonard et al., 2008; 
Pulgarin et al., 2015).  

Existing operational seismic monitoring systems are relatively simple and qualitative and are used sparingly 
because they can be expensive to install and maintain.  The majority, whether primarily for research or warning, are 
along-channel, meaning one or more sensors are located within tens to hundreds of meters of the channel of interest. 
Amplitude-based along-channel systems detect seismicity generated by flows as they pass, sometimes to trigger alerts 
based on a threshold duration or other signal characteristics. Typically, multiple sensors are deployed at different 
distances along the channel to provide redundancy and for velocity estimates. Average velocities can be estimated by 
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cross-correlating the seismic envelopes to get the time offset and dividing the along-channel distance between sensors 
by that time (Marchi et al., 2002). Along-channel systems require instrumentation for each monitored drainage. 
Depending on circumstances, seismic and/or infrasound instrumentation may be augmented with additional methods 
such as rain gauges, cameras, tripwires or flow depth gauges. 

In an ideal world, we would be able to detect flows and use the seismic signal to obtain an estimate of the evolving 
basal stresses and relate those to flow characteristics such as flow depth, discharge rate, velocity, and particle 
concentration. In turn, we could use the flow characteristics to estimate the hazard a particular flow may pose to 
downstream populations. In the decades since its initial development, the utility of seismic monitoring methods for 
debris-flow detection has been limited due, in part, to barriers related to unknowns in seismic path effects and 
theoretical debris-flow seismicity models. 

In the following sections, we review the current state of debris-flow seismic monitoring, investigate the barriers to 
expanding seismic monitoring capabilities into a more quantitative realm, and discuss some work underway by the 
U.S. Geological Survey (USGS) and collaborators to try to overcome some of these barriers. 

2. Background

Debris flows exert forces on the channel bed and channel walls that vary in time and space, generating seismic 
waves (Moretti et al., 2012). These basal and lateral forces relate to the flow properties. Time-averaged mean normal 
force relates most closely to flow depth and flow density, whereas the fluctuating forces are more correlated with other 
flow properties such as grain diameter, average flow velocity, and average particle impact forces (Iverson, 1997; 
McCoy et al., 2013; Hsu et al., 2014). At high frequencies, the seismic signal is often modeled as the result of a series 
of individual random particle impacts (e.g., Kean et al., 2015; Lai et al., 2018). Much of the seismic energy radiated 
by surface sources such as debris flows propagates as surface waves (Sánchez-Sesma et al., 2011). At typical along-
channel recording sites high frequency (5-100s Hz) energy dominates (Allstadt et al., 2018). Higher frequency surface 
waves with their shorter wavelengths propagate in the shallowest and typically most attenuating layers—dissipating 
the energy over relatively short distances. This is why along-channel seismic monitoring is the dominant form of 
monitoring—more distant stations may record nothing above the ambient noise level for many flows, especially given 
that ambient noise may be elevated during flow events due to storm noise. 

Seismic signals carry information about the source process through frequency, amplitude, and polarization 
variations with time. To recover information about the source, we need to be able to correct for alterations to that 
signal caused by attenuation and scattering (path effects). Geophysical field methods can be used to estimate the 
relevant elastic parameters of the ground so that these path effects can be modeled and removed. However, this can 
be costly, uncertain, nonunique, and low resolution. Our inability to easily and accurately correct for path effects is 
one of the main barriers to progress in this field. We also do not know whether it is even possible to uniquely obtain 
parameter estimates even if the basal stresses are perfectly known, though previous studies have found relationships 
between fluctuating basal forces and some flow parameters (McCoy et al., 2013; Hsu et al., 2014). 

Though many studies have investigated relations between seismic signal characteristics and debris-flow 
characteristics, there is no concise, uniform, quantitative summary. This is because many different flow parameters 
can contribute to basal stresses, and because path effects are so difficult to separate from source effects. However, 
generally, when recorded at near-source along-channel sites, amplitudes are higher when (1) the flow passes closest 
to the station (Marcial et al., 1996; Arattano et al., 2008; Cole et al., 2009); (2) the flow height/discharge/wetted area 
is greater (Marcial et al., 1996; Marchi et al., 2002; Doyle et al., 2010; Kean et al., 2015); (3) the particle concentration 
is greater (Lavigne et al., 2000; Doyle et al., 2010); (4) particle size is greater (Arattano and Moia, 1999; Vázquez et 
al., 2016); and (5) the flows move over bedrock or compact sediment rather than loose sediment (Cole et al., 2009; 
Kean et al., 2015). 

3. Overcoming Barriers

As outlined above, we already have the capability to use debris-flow seismicity for practical and research purposes. 
However, many existing methods are qualitative and have significant limitations. In this section, we will discuss some 
of the barriers that are hindering the use of seismic monitoring for more quantitative purposes. We focus first on work 
the USGS and collaborators are doing to overcome two scientific barriers: our inability to account for path effects and 
our lack of theoretical debris-flow seismicity models. We address both issues using large-scale seismic experiments 
that we conducted in 2016 at the USGS debris-flow flume near Blue River, Oregon, USA. The flume is a 95-m long, 
2-m wide, 1.2-m deep concrete channel that has been used for decades to study debris-flow dynamics (Iverson et al., 
2010). In 2016, we conducted experiments in which saturated material was suddenly released from behind a 2-m high 
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gate. The flume has a constant slope of 31° until 74 m downslope from the gate, where it begins to curve and then 
finally flatten to about 2° where it reaches a large runout pad. Distances along the flume bed are gauged by their 
downslope distance in meters from the gate, with the gate at x=0 m.  

The experiment setup for 2016 is shown in Fig. 1a. Further details and data can be found in Iverson and Logan 
(2017)  and Allstadt (2016). For brevity, here we focus on just one experiment, a release of 10 m3 of water-saturated 
sand and gravel on 23 June 2016. We use data from a broadband seismometer, E03, located at x=~32 m ~4 m away 
from the flume, and basal normal and shear stress data recorded by force plates mounted flush with the bed of the 
flume about 5 m from E03. A screenshot of this experiment is shown in Fig. 1c; full videos of the experiment are 
available in Logan et al. (2018). 

3.1. Path effects 

We established earlier that path effects are one of the biggest barriers to quantitative use of seismic recordings of 
debris flows and that although geophysical imaging methods are helpful, they are not always feasible. In the flume 
experiments, we instead directly measure the path effects by recording the seismic response at a given station location 
to an impulse source that we control at a specific source location. The impulse response is known as a Green’s function. 
The earthquake community has used “empirical Green’s functions” (EGFs) for decades, but they typically consider 
source to station distances of up to hundreds of kilometers and thus usually use naturally generated sources like small 
earthquakes or ambient noise (Hartzell, 1978). For the shorter distances and higher frequencies we consider for debris 
flows, it is practical to generate our own forces using a sledgehammer that measures impact force (force hammer) at 
closely spaced source locations along the flow channel. While hammer sources are commonly used for seismic 
imaging, the distinction here is that we actually measure the time series of forces imparted on the ground and use the 
amplitude information of the source. While, to our knowledge, our approach is distinct for debris flows, similar 
approaches have been used on a larger scale for lahars (Walsh et al., 2016). 

Fig. 1 (a) Map of USGS debris-flow flume showing seismic station locations, distances along flume, camera, laser, and force plate locations. 
Elevations are in meters above sea level, contour interval is 2 m. Numbers along flume indicate distance from flume gate in meters. (b) Hammer 
blow locations shown along length of flume, labeled with H, relative to other nearby flume instrumentation. (c) Image of 23 JUN 2016 
experiment at t=9 s. Map coordinate system is NAD 1983, UTM Zone 10N. 

During the 2016 flume experiments, we used a 5.4 kg sledge force hammer (PCB Piezotronics Model 086D50) to 
hit specific hammer locations (Fig. 1b) and recorded the resulting force time series and seismic signals on nearby 
sensors on GPS-timed RT-130 digitizers to ensure time synchronization. We impacted each hammer location at least 
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five times normal to the bed, using a cement block that interlocks with the bump pattern on the bed of the flume to 
protect the fragile flume bed tiles. We compute EGFs for each hammer location-station pair by deconvolving the 
force-time series recorded by the hammer from the waveform of each individual blow to remove the hammer impulse. 
The hammer impulse has a non-negligible duration, so this is needed in order to best approximate a Dirac delta function 
(impulse of zero duration, infinite amplitude) of 1 Newton-sec. We then stacked this result for all five hammer blows 
at each location to augment the signal and reduce noise. Since flows also impart shear forces, shear EGFs are also 
needed to completely explain the observed wavefield (Aki and Richards, 2002). However, shear forces were difficult 
to generate on the steep flume. By comparing the shear and normal EGFs for hammer locations on flat ground where 
we could generate shear forces by hitting the side of the block weighted down by a person, we found that the normal 
EGFs were very similar in amplitude, phase, and frequency content to the shear EGFs for station E03 below 50 Hz; 
so we directly substitute normal EGFs for shear ones for this simple analysis. The validity of this simplification for 
other station-hammer location pairs requires further investigation in the future. 

To test how well our EGFs capture the path effects, we forward model the vertical component seismogram at E03 
using the shear and normal force plate data from x=32 m and the EGFs for E03 (Fig. 2a) and compare the result to the 
actual recorded signal. In the time domain, the recorded seismic signal is equal to the convolution of the source-time 
series and the Green’s function between that source location and the seismic station (Aki and Richards, 2002). 
Therefore, we need to convolve the force time series experienced at each section of the bed of the flume with the 
corresponding EGFs. Both the forcing and the EGFs are continuous functions in reality, but we have discrete hammer 
locations (~3 m apart) and we only have the actual source function for one point. Therefore, we need to manipulate 
the force plate data and distribute it in a realistic way to make it better represent the forcing of a continuous flow. We 
explain how this is done in Fig. 2g and the corresponding caption. Though we do the simulation at all frequencies up 
to the Nyquist frequency, we focus on trying to reproduce the observed signal in the band of 15-35 Hz in order to 
avoid the flume structural resonance that occurs at ~45 Hz and because, as noted earlier, normal EGFs only provide a 
good approximation of the shear EGFs at frequencies <50 Hz. 

We compare the result of this simulation to the actual recorded signal in Fig. 2b-2f. Comparing to the full synthesis 
(Fig. 2f) shows that the signal is similar in character and frequency content but slightly overestimated in amplitude. 
We note that the best overall fit is the signal that neglects the shear forces (Fig. 2e). This may occur because grain 
collisions with the upslope faces of the bumps on the force plates may result in some conversion of shear or normal 
energy into the orthogonal component. However, this hypothesis requires a more detailed investigation. We can obtain 
a fit almost as good if we only use the single EGF with the highest amplitudes (H28 in this case) (Fig. 2d). The 
downside is that this underestimates the signal as the flow approaches the station because the signal can only start 
once the flow front actually reaches H28. Our ability to fairly closely reproduce the characteristics of the observed 
seismic wavefield at E03 using just the EGFs and force plate data confirms that the EGFs do capture the path effects 
with relatively high fidelity and relate closely to the fluctuating basal forces. There are many possible uses for this 
approach, and we are only beginning to explore practically how these EGFs can be used inversely to estimate 
fluctuating boundary stresses from recorded seismic signals. 

3.2. Theoretical debris-flow seismicity models 

The next major barrier to obtaining quantitative information from seismic signals of debris flows is a lack of a 
theoretical framework for the generation of debris-flow seismicity. Models are needed to relate seismic amplitudes to 
specific source parameters and are also needed to understand the degree to which it is possible to actually constrain 
such parameters from the seismic wavefield. A few simple theoretical models have been proposed recently, though 
none have yet been independently validated. Kean et al. (2015) proposed a seismic model for debris flows occurring 
at Chalk Cliffs, Colorado, but since they did not know the ground parameters, they could only compute the relative 
change of seismic power between two debris flows at the same site. Lai et al. (2018) proposed a physical model for 
debris-flow seismic power in which they stochastically model the individual impacts of particles in the main flow 
front, but the model only considers that the main flow front generates seismic waves, and many orders of magnitude 
uncertainty are dependent on knowing the elastic parameters of the ground. 

Debris flows often consist of chains of surges of differing flow characteristics (e.g., Vázquez et al., 2016) and even 
a single surge can have spatially variable characteristics (Iverson, 1997) that are not modeled by either of the two 
aforementioned models. A new theoretical model that expands on the Lai et al. (2018) model will enable us to account 
for the entire typical structure of a debris-flow surge, each with differing impact rates and grain size distributions. The 
modeled flow is led by a saltating front, followed by a snout lip where rocks fall from the flow onto the bed, then a 
coarser-grained snout and the main flow front.  Several of these debris-flow surge sequences could be chained together 
to simulate the series of surges typical in reality. Though such a model is still a simplified version of reality, 



Allstadt / 7th International Conference on Debris-Flow Hazards Mitigation  (2018) 2395 

preliminary comparison with data from debris-flow flume experiments, using the EGFs described above as the source 
of the impulses, suggests that the modeled power spectral density (PSD) matches the observed PSD when flow 
velocities are steady (Farin, written communication, 2018). While the model does not account for natural complexities 
and variations, it provides a starting point upon which to build more complex models. 

Fig. 2) Forward modeling of vertical seismic signal at E03 for the 23 JUN 2016 10 m3 flume experiment. (a) Record section of normal force EGFs 
for vertical component of E03, blue colors indicate hammer locations used in full synthesis, magenta color indicates dominant hammer location 
(H28). (b) Smoothed Fourier spectra of real and three different synthesized waveforms, colors labeled at right, dashed lines indicate bandpass filter 
limits applied to waveforms in c-f. (c) Actual recorded signal at E03 (gray) and smoothed envelope (black), (d) Synthesized waveform and envelope 
using just the H28 hammer location, (e) same for just the normal component of force for H16-H46, (f) same as E but including shear component. 
(g) Schematic of method for synthesizing the signal showing a section of the flume around the force plates at x=32 m, NFP is normal force plate, 
SFP is shear force plate. The flume bed is discretized into 25 cm squares (same size as force plates because this is the dimension over which basal 
forces is measured and scale of measurement controls the observed fluctuating forces (Iverson, 1997; Hsu et al., 2014)). Each bed square is 
represented by the EGF of the closest force plate location (blue or pink for H31 or H34, in schematic). The forcing time from the force plate is 
shifted for each row by dt, which equals the arrival time at the force plate minus the flow front arrival time at the row (derived from video). For 
each element of each row, an additional randomized time shift is added from a gaussian distribution (mean=0, stdev=0.5 s) to best reflect the poor 
spatial correlation and randomness of basal forces of real flows. We then convolve the shifted force-time series with the EGF for the corresponding 
hammer location and add the result up over all bed elements. 

3.3. Event size estimation and inundation modeling 

The main weakness of many warning systems is event size estimation. Size is a crucial factor in determining how 
far a debris flow will travel and whether or not it is likely to inundate populated areas downstream. Size also affects 
velocity (Iverson, 1997), and thus influences our ability to estimate when the flow will arrive. These are all critical 
pieces of information for warning systems. The crux of the issue is that there is so far no universal way to relate high-
frequency seismic amplitudes to flow depth, discharge, or volume based on seismic methods alone.  

For this reason, at present, seismic methods are almost always combined with other instrumentation that can help 
constrain event size such as flow depth gauges, cameras, tripwires, and pendulums (e.g., Arattano et al., 2008). Each 
of those instrumentation types comes with its own issues and limitations. In the future, a combination of the EGF 
approach and the theoretical models discussed earlier could be part of the solution, but none of the existing models 
have a direct relationship with flow depth, discharge, or volume, and many different factors contribute. This may be 
a fundamental limitation of seismic methods, though many of the contributing factors do relate to event size (e.g., 
wetted area relates to flow depth and channel geometry, larger events are often faster and have larger clasts); so the 
task may not be insurmountable.  

For drainages with repeated events, some researchers have used past events to calibrate detection algorithms by 
correlating seismic amplitudes with discharge rates empirically (e.g., Lavigne et al., 2000; Galgaro et al., 2005; 
Andrade et al., 2006). But these calibrations are typically specific to a single monitoring site, flow regime, and size 
range and they provide order of magnitude estimates, at best. Empirical methods are of little help when installing a 
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system on a new drainage in a new location with different path effects, channel morphology, bed conditions, and flow 
characteristics, all of which control the amplitude and frequency content of the signals that ultimately are recorded at 
a monitoring site. Even if we could perfectly associate a recorded seismic signal with a discharge rate, the discharge 
at a specific location and time is not necessarily proportional to the entire flow volume. Using seismic methods to 
measure velocity and other factors that control inundation limits downstream may be a better (or complementary) 
proxy for size than measuring discharge or flow height at a single point. 

If a debris flow is detected and its relevant characteristics determined, the next step is taking that information and 
estimating how far the flow will travel, what areas it will inundate, and when. This requires accurate flow modeling 
and inundation modeling abilities—a complex topic that is far beyond the scope of this paper. For brevity, we note 
that our ability to model debris flows and inundation accurately and rapidly is limited but improving (e.g., Iverson and 
George, 2014; Bessette-Kirton et al., this issue). The relevant point here is that seismic monitoring can provide crucial 
model input information and constraints at one or more locations along the flow’s path. 

3.4. Costs and distributed methods 

Cost often comes into play when deciding whether to monitor for debris flows and how. Installing an expensive, 
drainage-specific monitoring system when debris-flow hazard is commonly widely distributed over many drainages 
and varies with time and conditions (fire, antecedent precipitation, post-earthquake) is not often a priority outside of 
volcanic settings. Even in volcanic settings, the requirement of installing a monitoring system on each populated 
drainage can be cost prohibitive and may require that difficult choices be made. To reduce the number of systems 
required, monitoring is often installed far downstream after several drainages have coalesced. This reduces the total 
number of systems required but also reduces the warning times.  

More distributed methods that are not channel-specific could provide greater value. Several methods have been 
proposed and demonstrated, such as those that use amplitude source location methods applied to existing distributed 
seismic monitoring networks (Kumagai et al., 2009; Walter et al., 2017), and those that use array methods to track 
moving sources (Almendros et al., 2002), but due to the rapid attenuation of high frequency energy, they are most 
practical for larger, more energetic flows. 

3.5. Social factors and warning times 

Many critical social and cultural aspects of warning system development are commonly overlooked or considered 
to be separate from the geophysical issues. These include determining channels for appropriate delivery of messages, 
message development, warning times, relationships with local officials and emergency managers, as well as language 
and culture (Grasso and Singh, 2011). Composition of messaging to address protective actions is a challenge specific 
to recipient locations and available warning times and requires development as well as testing. Best practice in alerts 
and warnings in text messages ideally should contain the following: who is sending it, what the hazard is, and brief 
instructions as to what to do (Bean et al., 2015; Ripberger et al., 2015). After this brief message is sent, follow up 
messages should also be sent to provide more information to people about the situation (Liu et al., 2017).  Further 
complexities exist in terms of what to tell people when the outcome is still uncertain, particularly if good predictive 
models are not available and the limitations are not well communicated to decision makers. Media and social media 
are now often used quickly to distribute warning messaging and information about debris flows and lahars (Becker et 
al., 2017). Given our emerging technologies, more could be done to alert people and inform them of evolving 
situations, and the involvement of geoscientists who are familiar with the capabilities, limitations, and uncertainties 
of the information such systems can provide is necessary from the beginning.  

One issue that requires close collaboration between geoscientists and social scientists is determining what potential 
warning times may be and what the best actions are given that time window. In some situations, it may not be possible 
for a detection system to provide meaningful warning time to a population. This problem should be fully understood 
by civil authorities before planning such a system to avoid dangerously unrealistic expectations Because non-volcanic 
debris flows travel shorter distances in general, warning times can be on the order of a few minutes. The same can be 
true for areas close to the source for volcanic lahars. When warning times are short, the best approach may sometimes 
be to simply automatically close roads or hiking trails to keep people from entering harm’s way (Badoux et al., 2009) 
or to provide procedures and trainings that are specific to the setting (Leonard et al., 2008). The key is to provide 
enough specific actionable information that is possible in the time window available. Since most non-volcanic debris 
flows are triggered by storms, forecast-based methods which can cover wider areas and give warning times of up to 
several days (e.g., NOAA-USGS Debris Flow Task Force, 2005) are often preferred where feasible, though they come 
with a trade-off of the risk of false alarms. The same is true of lahars triggered by precipitation or volcanic activity: 
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evacuations can take place days in advance if the hazard and risk is well known (e.g., Pulgarin et al., 2015; Capra et 
al., 2018), and this is preferable over warnings issued after an event is already underway. Unheralded lahars, on the 
other hand, such as those initiated by landslides or outburst floods, are a primary target of event warning systems. 
Runout distances of lahars can exceed 100 km, and populations often are far from the source area. Therefore, warning 
times can be on the order of an hour, and rapid evacuations are often part of the plan. Even with longer warning times, 
public education, training, and drills are required to make this a feasible approach. For example, the town of Orting, 
Washington, USA, holds monthly siren tests and annual lahar evacuation drills (cityoforting.com) to prepare for 
potential unheralded lahars from Mt. Rainier. 

4. Conclusions

In conclusion, seismic debris-flow monitoring has already been used successfully for decades for both research and 
early warning systems. However, our existing capabilities are relatively qualitative, primarily because of difficulties 
accurately accounting for path effects at the high frequencies typically recorded and due to a lack of theoretical models. 
While just a start, undertaking studies focused on overcoming these barriers will enable seismic debris-flow 
monitoring to be used in a more quantitative manner. These methods must then be implemented, validated, and 
updated for natural monitoring sites. Furthermore, if these systems are to be used to issue warnings, they must be 
integrated with other important system components such as event size and inundation modeling, social factors, cost-
benefit analysis, and warning time analysis.  
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